Objective: Fruit and vegetable intake is inversely associated with cancer risk in many epidemiological studies. Accurate assessment of consumption of these foods is difficult, and biomarkers of intake would overcome several drawbacks of currently used dietary assessment methods. Therefore, we investigated the relation between plasma carotenoids and usual vegetable and fruit intake. Design: Plasma carotenoid concentrations were measured and vegetable, fruit and juice consumption was assessed by a food frequency questionnaire (FFQ) in a random sample of 591 Dutch men and women aged 20-59 y from the MORGEN-project, one of the contributions to the European Prospective Investigation into Cancer and Nutrition (EPIC)-study. Results: In this sample of the general Dutch population, in both genders, relative to the other carotenoids, plasma b-cryptoxanthin was the best indicator for fruit intake, and for the sum of vegetable, fruit and juice intake, while lutein concentrations best reflected intake of vegetables, although quartiles of intake were not consistently separated. Since levels of lycopene were not associated with any of the main food groups examined, associations with total carotenoids improved when excluding lycopene, and monotonously increasing plasma levels were seen for intakes of vegetables, of fruits, and of the sum of vegetables, fruits and juices. Several vegetable types and orange/ grapefruit juice were associated with plasma levels of one of the carotenoids. Conclusion: Plasma carotenoids were only crude indicators of vegetable and fruit intake as assessed by a FFQ; b-cryptoxanthin for fruit intake and lutein for vegetable intake. None of the plasma carotenoids could distinguish all four quartiles of vegetables, fruit and/or juice intake.
Introduction
Many epidemiological studies around the world have associated a higher fruit and vegetable intake with a lower cancer risk, mainly of epithelial cancers (WCRF, 1997) . However, it is not clear whether the total of vegetables, fruits and juices consumed, the intake of vegetables or of fruits, of specific vegetables or fruits, or of compounds in these products are responsible for this association.
The difficulty of assessing vegetable and fruit intake (Kaaks et al, 1997a; Ocke et al, 1997; Willett & Lenart, 1998) complicates this kind of research. Methods used depend on the participant's memory and ability to take into account the variability in intake, for example from day to day, or by season. Moreover, memory might be biased by the actual health status. Measuring compound concentrations in human tissue indicative of intake, that is, biomarkers of intake, would be an objective method to assess dietary intake. Carotenoids are candidates for biomarkers of vegetable and fruit intake, because these foods are the primary source and carotenoids cannot be synthesized by humans or animals. Moreover, because carotenoids differ in type and in quantity between varieties of vegetables and fruits, it should be possible also to distinguish intake of vegetables and fruits separately. Carotenoids in blood or adipose tissue have been studied as biomarkers of intake of vegetables and fruits (Campbell et al, 1994; Virtanen et al, 1996; Kaaks et al, 1997b) . It seems that absolute intakes cannot be translated into carotenoid concentrations. Intakes and carotenoid concentrations are, however, correlated, although the observed correlation is generally not strong ( Van 't Veer et al, 1993; Kaaks et al, 1997a, b; Willett & Lenart, 1998; Block et al, 2001) . The interindividual variability in bioavailability and absorption of carotenoids is difficult to assess in large epidemiological studies. Besides dietary intake, factors such as sex, age, body mass index (BMI), blood cholesterol, smoking and alcohol drinking have been associated with carotenoid concentrations (Olmedilla et al, 1994 , Brady et al, 1996 .
Within the framework of the European Prospective Investigation into Cancer and Nutrition (EPIC) (Riboli & Kaaks, 1997) , plasma concentrations of six carotenoids in the 16 geographical areas of the EPIC-study in persons aged 45-64 y were analyzed (Van Kappel et al, 2000) . The EPICparticipants are followed over time to study the relations between dietary intake, among others of vegetables and fruits, and cancer risk. Both the total intake of vegetables, fruits and juices, the intake of vegetables and fruits separately, and of varieties of vegetables and of fruits may be etiologically of importance. Carotenoid concentrations in blood provide an integrated measure of intake, lifestyle and metabolic processes, and will also be related to cancer risk.
For each type of dietary questionnaire used in EPIC, for example, a semiquantitative food frequency questionnaire (FFQ) or a quantitative dietary questionnaire (un)structured by meals, and depending on the mode of administration, for example, self or face-to-face, associations of plasma carotenoids and intake of vegetables, fruit and juices may differ. Therefore, in the Dutch contribution to the EPIC-study the associations between these intakes as assessed with our FFQ and plasma carotenoid concentrations were examined. Because in epidemiological studies dietary intake is often categorized, we studied whether carotenoid concentrations were able to discriminate between quartiles of intakes.
Methods

Study population
Our study population is a subsample of the participants of the MORGEN-project, which is one of the two Dutch contributions to the EPIC-study (Riboli & Kaaks, 1997) . The MOR-GEN-project contains 22769 respondents from a random sample of the Dutch population aged 20-64 y from three towns in the Netherlands (Amsterdam, Doetinchem, and Maastricht) examined in the period 1993-1997 (Smit et al, 1994) . The response rate was 45% (van Loon et al, 2003) . The Medical Ethics Committee of TNO (Netherlands Organisation for Applied Scientific Research) approved the study according to the guidelines of the Helsinki Declaration.
Our study was an extension of a study conducted within the framework of EPIC (Van Kappel et al, 2000) . In each of the 16 geographical areas of EPIC in nine European countries, 100 men and 100 women were randomly selected among participants aged 45-64 y with complete data, with equal numbers in the sex-age strata. One of the areas was The Netherlands. To increase numbers and more fully exploit the age range of most participants of the MORGENproject, for the present study, the Dutch sample has been enlarged to 36 participants per sex and 5 y age-stratum in the age range 20-59 y with complete data. Within these strata, sampling was random, except that participants were equally selected from each town, that is, Amsterdam, Doetinchem and Maastricht. From the 576 participants selected, one person had not given informed consent for the EPIC-study, for one person carotenoid analyses failed, and three persons had missing data on potential confounders, leaving 571 persons for data analysis.
Data collection
Participants of the MORGEN-project filled in two self-administered questionnaires: a general questionnaire and a semiquantitative FFQ. In addition, during a physical examination at the Municipal Health Service weight and height were measured and blood was collected by trained research assistants.
The general questionnaire provided information on sex, age, smoking, alcohol drinking, and physical activity. The FFQ assessed the habitual consumption of 178 food items and vitamin supplements during the previous year. The quantity consumed was estimated in commonly used units, household measures, or by colored photographs of foods showing different portion sizes (Ocke et al, 1997) . Energy and nutrient intakes were calculated using an extended version of the 1996 computerized Dutch food composition table (Stichting NEVO, 1996) .
Blood sampling and carotenoid analyses
Nonfasting venous blood samples were obtained in sitting position in 10-ml Safety-Monovette s tubes (Sarstedt, Tilburg, The Netherlands). The samples used for preparation of plasma were collected in syringes containing 1 ml of 3.13% trisodium citrate as anti-coagulant. Filled syringes were kept at 5-101C, protected from light. After centrifugation the next day for 20 min at 1500 Â g, blood fractions were aliquoted into 0.5-ml straws (CBS-IMV, l'Aigle, France) and initially frozen at À801C before transfer into liquid nitrogen (À1961C). The 28 aliquots obtained from each subject were divided into two identical series of 14 straws. One series was stored in the local center, the other was transported to the central biorepository at IARC in Lyon, France. For the international study (Van Kappel et al, 2000) plasma samples stored at IARC were used. For the additional subjects for this study, plasma samples stored in The Netherlands were collected and transported to IARC under nitrogen in a dry shipper (CP-100, CryoPak Dry Shippers, Taylor-Wharton).
Plasma carotenoid concentrations were determined at IARC, Lyon by reversed phase high performance liquid chromatography (HPLC) following a method adapted from Steghens et al (1997) . Seven carotenoids were analyzed: acarotene, b-carotene, b-cryptoxanthin, lutein, lycopene, zeaxanthin, and canthaxanthin. We did not study canthaxanthin separately because analysis of canthaxanthin had high between-day variation, canthaxanthin could not be determined in about half of the samples, and contribution to total carotenoids was low (0.7% on average). Values of canthaxanthin were, however, included in the sum of carotenoids. In the international study, between-day coefficients of variation over the entire period of analysis, that is, 11 months, were 6.6% for a-carotene, 6.3% for b-carotene, 4.8% for b-cryptoxanthin, 7.6% for lycopene, 6.2% for lutein, and 16.5% for zeaxanthin (Van Kappel et al, 2000) .
Cholesterol determinations were performed in the Lipid Reference Laboratory (LRL) of the University Hospital Dijkzigt in Rotterdam using standardized enzymatic methods. Total cholesterol was measured using a CHOD-PAP method (Boehringer) (Katterman et al, 1984) .
Statistical analysis
We used SAS (version 8.1, SAS Institute, Cary, NC, USA) for all analyses. For descriptive purposes means and standard deviations are based on nontransformed data. Correlations presented are Spearman's correlations. Differences in characteristics between men and women were tested using a t-test for normally distributed variables, the Wilcoxon twosample test for skewed data, and the w 2 test for categorical variables. Findings were considered statistically significant if the two-sided P-value was o0.05. Multiple linear regression (PROC GLM) was used to study the associations between plasma carotenoid concentrations individually, as sum of carotenoids, and combinations of individual carotenoids (dependent variable) and vegetable and fruit intake (continuous independent variable). The distributions of the carotenoid plasma levels were positively skewed, therefore, we used natural logarithmic transformations in the regression analyses, with the null values set at 10% of the lowest value (ie, n ¼ 15 for a-carotene; n ¼ 1 for b-carotene; n ¼ 2 for lycopene; n ¼ 1 for zeaxanthin). Moreover, we studied these relations with intake divided into quartiles. We investigated men and women participants, separately, and explored associations at three levels: (1) the sum of vegetables, fruits, and juices; (2) vegetables, fruits, and juices as separate groups; (3) specific vegetables and juices, known for their (high) content of specific carotenoids. The analyses at level 3 were combined for men and women, and extended to pizza and tomato sauce. The following associations were investigated: a-carotene with intake of green/string beans, carrots, pizza and vegetable juice; b-carotene with leek, tomato, red beets, lettuce, cabbage, pepper, green/string beans, peas, spinach, endive, carrots, pizza, and vegetable juice; b-cryptoxanthin with pepper and orange/grapefruit-juice; lutein with leek, tomato, lettuce, cabbage, pepper, green/string beans, peas, spinach, endive, carrots, pizza, orange/grapefruit-juice, and vegetable juice; lycopene with tomato, pepper, spinach, pizza, tomato sauce and vegetable juice; and zeaxanthin with red beets, cabbage, pepper, and green/string beans. Specific fruits could not be studied individually as the intakes were highly correlated due to the of questionnaire design.
We adjusted all models for potential predictors of carotenoid concentrations, that is, age (continuously), socioeconomic status (SES) (three categories based on education), smoking status (never, past, and current), alcohol consumption (continuously), energy intake (continuously), any supplement use (yes/no), physical activity (four categories), BMI, (kg/m 2 ; continuously), total plasma cholesterol (continuously), center (three centers) and season. Analyses at level 3 were in addition adjusted for the vegetable or juice intake other than the specific types studied. The international study showed that parameters related to the laboratory measurements and storage time were of marginal importance (Riboli & Kaaks, 1997) , therefore, we did not adjust for these parameters. We tested whether the geometric means of concentrations of carotenoids were statistically different between quartiles of intake using a P-value of 0.05 as critical level of significance. Tests for trend were computed by assigning values 0, 1, 2, 3 to subsequent quartiles and using these as a continuous variable in the regression model.
Results
In Table 1 selected characteristics of men and women studied are presented. Women consumed more fruits and vegetables, but less energy and alcohol. The three vegetable and fruit types eaten most were the same for men and women, that is, in descending order, cabbages, carrots and string beans/snap beans, and apples/pears, citrus fruit and bananas, respectively (data not shown). The Spearman correlation between fruit and vegetable intake was 0.20. Fruit intake was strongly correlated with the sum of vegetable, fruit, and juice intake; this correlation was clearly stronger than for vegetable consumption, that is, 0.80 vs 0.45.
Plasma carotenoid concentrations were higher in women than in men, except for canthaxanthin (Table 2) . Lycopene contributed most to total carotenoids, followed by lutein, bcarotene, b-cryptoxanthin, a-carotene, zeaxanthin, and canthaxanthin. The lycopene contribution was lower in women than in men, whereas the contributions of acarotene and b-cryptoxanthin were higher in women (Table 2) . High-correlation coefficients were found between plasma levels of a-carotene and b-carotene (0.69), a-carotene and b-cryptoxanthin (0.53), b-carotene and b-cryptoxanthin (0.54), and between lutein and zeaxanthin (0.76). Lycopene was relatively weakly correlated with the other carotenoids (0.10-0.29), whereas canthaxanthin was poorly correlated with lycopene (0.10) and not correlated with the other carotenoids. The correlation coefficients of the individual carotenoids with the total of carotenoids were all high (between 0.57 and 0.74), except for canthaxanthin (0.05). Based on these correlations, combinations of a-carotene and b-carotene; a-carotene, b-carotene, and b-cryptoxanthin; lutein and zeaxanthin; and of total carotenoids without lycopene and canthaxanthin were formed. In Table 3 , correlation coefficients between plasma carotenoid concentrations (individually and in combinations), and the sum of vegetable, fruit and juice intake, and vegetables, fruits and juices separately are given. All carotenoids were positively correlated to intake, except for lycopene. Correlation coefficients ranged between À0.11 and 0.41. In general, correlations were somewhat stronger in men than in women, except for zeaxanthin. Correlations of combinations of carotenoids did not exceed the highest correlation of individual carotenoids.
In order to investigate whether plasma concentrations increased monotonously with intake or only divided low and high consumers, geometric means of the quartiles of intake are compared in Table 4 . Around half of the carotenoid concentrations did not increase monotonously with quartile of intake. In both men and women, plasma levels of bcryptoxanthin, lutein, and zeaxanthin increased with each higher level of intake of the sum of vegetables, fruit and juices with statistically significant tests for trend. Although tests for trend were statistically significant for several other associations, for both men and women lutein was the only carotenoid for which concentrations increased with each quartile of vegetable intake and b-cryptoxanthin for each quartile of fruits. For b-cryptoxanthin and juices this was only the case in women. Since levels of lycopene were not associated with any of the food groups examined, associations with total carotenoids improved when excluding lycopene and canthaxanthin, and, except in the case of juices, statistically significant trends and monotonously increasing plasma levels within each level of intake were seen for all other food groups of interest.
Moreover, it was tested whether these carotenoid concentrations differed statistically across quartiles (Table 4) . Almost none of the carotenoid concentrations were statistically significantly different between all four quartiles of intake. b-Cryptoxanthin appeared to have a certain discriminating power, that is, all four quartiles in men and three adjacent quartiles in women of the sum of vegetable, fruit and juice intake, and three quartiles of fruit intake in both genders were distinguished significantly. In both men and women, vegetable intake was divided only in two groups by lutein and by total carotenoids without lycopene and canthaxanthin. In women, a and b-carotene were associated with intake of vegetables, although only two groups could be separated, whereas in men, a and b-carotene were associated with the sum of vegetables, fruits and juices but also separating only two categories of intake.
Associations with markers showing a certain discriminating power are shown in Figure 1 . Complete models in this figure explained between 28 and 37% of the total variation in concentrations of carotenoids. In both men and women, fruits (partial R 2 8.3% in men, 9.6% in women) and the sum of vegetables, fruits, and juices (partial R 2 12% in men, 8.7%
in women) explained higher percentages of variation in bCryptoxanthin than in total carotenoids minus lycopene and canthaxanthin (partial R 2 's ranging from 2.7 to 5%). Similarly, vegetables did better in explaining plasma levels of lutein (partial R 2 3.5% in men, 5.9% in women) than of total carotenoids minus lycopene and canthaxanthin (partial R 2 2.7% in men and 3.1% in women). Thus, in our data, relative to total carotenoids minus lycopene and canthaxanthin, in both genders, b-cryptoxanthin clearly was a better indicator of the sum of vegetables, fruit and juices, and of fruit, while lutein was slightly better reflecting intake of vegetables. Several vegetable types and orange/grapefruit juice were associated with the plasma levels of one of the carotenoids. The results are given as percentage difference in plasma concentration for the difference in intake between the median of the lowest vs. the highest quartile of daily intake: carrot intake and a-carotene ( þ 31% for D21 g); intake of tomatoes and cabbage and b-carotene ( þ 26% for D14 g and þ 17% for D35 g, respectively); intake of orange/grapefruit juice and b-cryptoxanthin ( þ 36% for D112 g); intake of cabbage and lutein ( þ 13% for D35 g); intake of tomatoes, tomato sauce and pizza and lycopene ( þ 21% for D14 g, þ 33% for D36 g and þ 14% for D27 g, respectively); and intake of cabbage and zeaxanthin ( þ 11% for D35 g). Geometric means of the quartiles of intake were calculated, and it was tested whether these carotenoid concentrations differed statistically across quartiles. Levels of carotenoids increased with quartile of intake, except for the associations between carrot intake and a-carotene, and pizza and lycopene. None of the carotenoid levels could distinguish all quartiles of intake (data not shown).
Discussion
We found that plasma b-cryptoxanthin concentrations best indicated reported fruit intake in both genders. Because the variation in fruit intake contributed most to the variation in the sum of vegetable, fruit and juice intake, b-cryptoxanthin also best indicated this total intake. Relative to the other carotenoids, in both genders, lutein concentrations best reflected levels of intake of vegetables. After excluding lycopene and canthaxanthin, statistically significant trends and monotonously increasing plasma levels of total carotenoids were seen within each level of intake of all food groups of interest except juices. With the exception of b-cryptoxanthin for the sum of vegetables, fruits and juices in men, other carotenoid concentrations were, however, only crude markers of usual intake and could not consistently distinguish all different quartiles of reported vegetable and fruit intake. In 1991 and 1992, the reproducibility and relative validity of the food groups as assessed with the FFQ were tested (Ocke et al, 1997) . The reproducibility after 6 months of vegetable intake was 0.80 and 0.61 for men and women respectively, and 0.76 and 0.65 after 12 months. For fruit intake, these figures were 0.70 and 0.77, and 0.61 and 0.77, respectively. The relative validity for vegetable intake, with 12 24-h recalls as a reference, was 0.38 for men and 0.31 for women. For fruit intake these values were 0.68 and 0.56, respectively. Especially, the assessment of vegetable intake appeared difficult, although our values were in the range of results of other studies (Kaaks et al, 1997a; Ocke et al, 1997 ). Yet, our observed associations between individual vegetables and carotenoids, such as a-carotene with carrot intake, bcarotene and lutein with intake of cabbage, and lycopene with tomato (sauce), adds further evidence to the relative validity of our dietary questionnaire.
Only one other study has reported carotenoid plasma levels in five European countries among which 33 men and 39 women from the Netherlands (Olmedilla et al, 1994) . The study population consisted of healthy, nonsmoking volunteers for a supplementation study, aged 25-45 y. Although ranking of individual carotenoids and gender differences were similar, in the study of Olmedilla et al, in both genders, means of fasting serum levels of lutein, zeaxanthin, lycopene, and a-carotene were lower, whereas those of bcryptoxanthin, b-carotene were higher, overall resulting in higher levels of total carotenoids. This may conceivably be the compound effect of differences in study populations (age, health status, smoking status), in blood collection (fasting samples in winter vs nonfasting over all seasons in our study), and (related) differences in dietary patterns, and cooking methods, and underscores the difficulty of comparing findings between studies on blood levels of carotenoids.
Main sources of carotenoids in the diet are vegetables and fruits. Small amounts are also found in foods of animal origin such as some fish and crustaceans, egg yolk, and dairy products. Furthermore, carotenoids are taken as supplements and are used as coloring agent in food industry. Carotenoid levels in blood increase when persons increase their intake of vegetables, fruits and juices (Zino et al, 1997; Broekmans et al, 2000; John et al, 2002) . Moreover, if people are given diets with low levels of carotenoids, the plasma concentrations decrease in approximately 14-30 days and then tend to reach slowly declining plateau values (Rock et al, 1992) . Carotenoids are absorbed by duodenal mucosal cells through a mechanism involving passive diffusion and transported in the blood in lipoproteins (Parker, 1996) . Transport and absorption differ between carotenoids. Half-lives of plasma b-carotene, a-carotene and b-cryptoxanthin are 7-14 days, of lycopene 12-33 days and of lutein 33-61 days (Rock et al, 1992; Micozzi et al, 1992) . However, fairly constant carotenoid patterns were found for up to 1 y (Cantilena et al, 1992; Peng et al, 1995) . Plasma concentrations are probably maintained from deposits in adipose tissues. It is estimated that more than 90% of the carotenoids in the body is found in tissues and o10% in plasma (Bendich & Olsen, 1989) . The concentration of b-carotene in tissues is assumed proportional to that in plasma (Peng et al, 1995) . Dietary, physiological and matrix-associated factors, such as the dietary matrix and crystalline structure of the carotenoid in the matrix, processing and cooking, nutritional status, genetic factors, and the amount of carotenoids present in the diet may affect bioavailability (Parker 1996; Pee de & West, 1996) .
We found that plasma lutein best indicated reported vegetable intake. Lutein is widely distributed in green leafy vegetables (Ong & Tee, 1992) . Bioavailability of lutein from vegetables is found to be five times higher than that of bcarotene (Hof et al, 1999) . Intervention studies showed increased plasma lutein concentrations when vegetable (Martini et al, 1995) or vegetable and fruit consumption (LeMarchand et al, 1994; Smith-Warner et al, 2000; John et al. 2002) was enhanced. Also plasma a and b-carotene (LeMarchand et al, 1994; Martini et al, 1995; Smith-Warner et al, 2000; John et al., 2002) went up after increasing vegetable (and fruit) intakes in those studies. Observational studies mostly linked intake of carotenoids instead of vegetable and fruit consumption with plasma levels of carotenoids. The studies that did investigate vegetable intake in relation with plasma carotenoid concentrations found correlations with lutein (Michaud et al, 1998; Polsinelli et al, 1998; Thurnham et al, 1998) , but also with a-carotene (Michaud et al, 1998; Polsinelli et al, 1998) and b-carotene (Michaud et al, 1998) , although correlation coefficients were not high. In our study, plasma b-carotene did not increase monotonically in men. The better performance of lutein compared to b-carotene may be a result of differences in bioavailability or half-live times. Plasma a-carotene only indicated vegetable intake in the women in our study.
Plasma b-cryptoxanthin best marked fruit intake in our study. Citrus fruits are a major dietary source of b-cryptoxanthin in Western countries (Mangels et al, 1993) . In one observational study, total fruit intake was correlated with the plasma b-cryptoxanthin in men but not in women (Michaud et al, 1998) . Among 20 women, plasma b-cryptoxanthin was not correlated to fruit intake, while concentrations of lutein and a-carotene were (Polsinelli et al, 1998) . Other observational studies combined fruit and vegetable intake and found the strongest correlation for plasma b-cryptoxanthin in women, while in men correlations with a and b-carotene were strongest (Tucker et al, 1999) . Campbell et al. (1994) included b-cryptoxanthin, and also lutein and a-carotene in their prediction equation for vegetable and fruit intake. Others found serum b-carotene positively associated with fruit and vegetable intake (Drewnowski et al, 1997) . We are not aware of other studies that investigated the ability of plasma carotenoids to distinguish between quartiles of vegetable and fruit intake.
Based on these results it cannot be concluded that single plasma carotenoids indicate vegetable and/or fruit intake, but b-cryptoxanthin, lutein, b and a-carotene have been repeatedly related to these intakes. Part of the variance in these observations may be a result of differences in demographic, lifestyle and endogenous characteristics of the populations studied. Also differences in types of vegetables and fruits consumed, and significance of other sources of carotenoids may have played a role. In addition, also differences in measurement error in estimated vegetable and fruit intake may have accounted for this variance.
In studying plasma carotenoid concentrations as biomarkers of usual vegetable and fruit intake, we assumed a marginal contribution of dietary sources other than vegetables and fruits, and relatively stable plasma concentrations. Carotenoid concentrations may, however, vary during the day; concentrations measured in the morning were 6-10% higher than those in the evening (Cantilena et al, 1992) . Comstock et al, however, found ranked concentrations of carotenoids from a single sample sufficiently representative to be used as predictors of subsequent concentrations (Comstock et al, 2001) .
A greater problem for studying associations between intake and plasma levels probably is the measurement error in the intake data; this accounts mainly to the intake of vegetables. Therefore, observed associations are probably attenuated ones. The more valid measurement of fruit intake compared to vegetable intake makes it difficult to conclude whether bcryptoxanthin better indicates fruit intake than lutein indicates intake of vegetables. In the multiple linear regression analyses, fruit intake was, however, the variable explaining most of the variance of the plasma b-cryptoxanthin. This was not the case for vegetable intake, that is, the total cholesterol concentration explained most of the variance in lutein plasma levels in men and BMI in women (data not shown). Although the observed gender differences in associations with a-and b-carotenes and intake of vegetables and of fruits may be attributed to chance, differences in dietary intake, reporting bias and metabolism cannot be excluded.
Plasma carotenoids indicated only crudely the consumption of vegetables and fruits as assessed by a FFQ. This makes plasma carotenoids for instance useful to check whether participants of an intervention study increased their intake substantially. However, plasma carotenoids may be less useful to accurately rank persons according to their usual vegetable and fruit intake. Diminishing the measurement error of intake, for example by using repeated measurements of dietary intake, may lead to stronger associations between dietary intake and plasma levels. However, it is questionable whether such an improvement is good enough to come to a valid measurement of usual vegetable intake. Maybe a combination of dietary assessment methods and biomarkers may perform better in estimating usual intake, and subsequently helps to further elucidate the complex relation between diet and cancer (Toniolo & Akhmedkhanov, 2001) . Development of such methodologies deserves attention.
In conclusion, in our study population in both genders plasma concentrations of several carotenoids may be used as biomarkers of intake of vegetables or fruits, in particular bcryptoxanthin for fruit intake, and lutein for vegetable intake. However, carotenoid concentrations were only crude markers of intake and were not able to distinguish between all quartiles of vegetable and fruit intake. In spite of this, carotenoid concentrations in blood can relate to disease independent of their relation to intake.
